Abstract
Introduction 9
Over the past century the production of plastics has increased dramatically 10 to accommodate the demands of the rapidly growing population and the modern 11 lifestyle. Alongside food and paper, plastic waste is one of the major contrib- 12 utors to municipal solid waste, accounting for approximately 9-12% by weight 13 
Nomenclature

PP700
polypropylene oil produced at 700 o C PP700 75 75% PP700 + 25% diesel fuel PP900 polypropylene oil produced at 900 o C PP900 75 75% PP900 + 25% The pyrolysis of the polypropylene was conducted in a pyrolysis plant con-64 sisting of three chambers; the primary, secondary, and conversion chamber (fixed 65 bed reactor). The schematic layout of the pyrolysis plant is presented in Figure   66 1 while the details of the pyrolysis plant are described in our previous study [31] .
67
PP was used as a feedstock and converted into gas, oil and char, via the fast py- specifically, at 900 o C gas production was 50% of the feed mass, 40% oil and 72 10% char, while at 700 o C gas production was 25% of the feed mass, 65% oil and
73
10% char.
74
The produced gases were analysed using the Gas Chromatography-Thermal
75
Conductivity Detector (GC-TCD) and Gas Chromatography-Mass Spectrome-76 try (GC-MS) methods. The compositions of the gas products at the different 77 pyrolysis temperatures are shown in Table 1 . These results indicate that the ef- 
81
The polypropylene pyrolysis oils produced at pyrolysis temperatures of 700 o C 82 (PP700) and 900 o C (PP900) have a mild smell and a dark black colour. The 83
Gas Chromatography-Mass Spectrometry (GC-MS) method was used to iden-84 tify the most abundant compounds of PP700 and PP900. The analysis showed 85 that the pyrolysis oils contain a mixture of hydrocarbons with more than 50 86 5 compounds. The basic physio-chemical properties of the PP700 and PP900 are pre-89 sented in Table 3 , benchmarked with diesel fuel. Density, carbon, hydrogen
90
and ash content of PP700 and PP900 are comparable with diesel, while the of PP700 is significantly lower than that of diesel, indicating that PP700 con-
95
tains a large amount of lighter compounds (i.e. shorter hydrocarbon chains).
96
In addition, the 90% distillation temperature of PP700 is higher in compari-
97
son to diesel, revealing that the PP700 includes heavier products too (longer 98 hydrocarbon chains and poly-aromatic hydrocarbons).
99
The cetane index, which indicates the compression required to ignite the fuel,
100
is lower for PP700 compared to diesel, revealing that the ignition delay period The engine tests were conducted on a four cylinder, direct injection, turbo-115 charged, water-cooled diesel engine. The engine's specifications are given in 116 Table 4 and a block diagram of the experimental setup is presented in Figure 117 1. A resistive load bank was used to control the load of the engine through 118 the alternator. The engine's performance was monitored by several sensors, as 119 shown in Figure 2 . A portable gas analyser (Testo 350) was used to measure 120 the engine's exhaust emissions. The instrumentation specifications, such as 121 measuring ranges and accuracies, are presented in Table 5 . The experiments were performed at a constant speed of 1500 rpm, while 123 the load was set at three different points: 75%, 85% and 100% of rated power, 
Results and discussion
131
A series of tests were carried out on the engine while running on PP700, 132 PP700 75 (75% PP700 + 25% diesel), PP900 and PP900 75 (75% PP900 + 133 25% diesel). The engine performance, combustion characteristics and exhaust 134 emissions were obtained, analysed and compared to diesel operation. 3a shows that both PP700 and PP900 at full load present similar pressure 138
profiles to diesel, with marginally lower peak pressures. A slight ignition delay 139 is observable for PP700, while PP900 75 exhibits identical performance to diesel. 140 Figure 3b displays longer delays, especially for PP700 at 75% load. However, the 141 ignition delay is not considered significant, as it is too short and does not create 142 any combustion stability issues. More specifically, the coefficient of variation 143
of IMEP (COV IMEP ), which expresses the combustion stability of the engine, 144 was calculated and found to be low (<2), although slightly higher than diesel operation.
146
The cylinder peak pressure of PP900 75 is the same as diesel at full load, but 147 marginally lower at 75% load. The lowest cylinder peak pressure for both loads 148 can be observed for PP700, which is attributable to the longer ignition delay revealing that the addition of diesel to PP900 advances the start of combustion.
158
The higher cetane number in combination with the significantly lower viscosity 159 of PP900 (which improves the evaporation) result in a comparable -almost 160 identical -engine performance with diesel operation.
161
The heat release rate (HRR) for diesel, PP700 and PP900 blends at (a) 100% and (b) 75% load is presented in Figure 4 . It is evident that PP700 has the 163 longest ignition delay, PP900 has the shortest, and PP900 and PP700 75 present 164 almost the same HRR profiles for both 75% and 100% load. The longer ignition 165 delay period, caused by the lower cetane number, enhances the fuel atomisation 166
and improves the fuel-air mixing. This phenomenon can be clearly observed in 167 the case of PP700 at 75% load, which depicts a two-phase combustion result-168 ing in elevated HRR values. However, PP700 at 100% load, do not present a 169
two-phase combustion due to the fact that the engine is turbocharged and at 170
higher loads the compression of the air increases resulting in higher incylinder 171
pressures and consequently to shorter ignition delay periods. All the fuel blends 172 present almost identical HRR profiles at 100% load, with only slight delays and 173 marginally lower peak values compared to diesel (Figure 4a ). This behaviour 174 could be explained by the longer combustion period shown in the mass fraction 175 burned graph (Figure 5) , and the lower cetane number which is known to lower 176 the combustion rate. The variation of brake thermal efficiency (BTE) for diesel and polypropylene 189 blends with brake power is shown in Figure 6 . The graph consistently shows an 190 approximate 2% improvement in efficiency at 100% load compared to 75% load 191 for all the fuel blends. The BTE of PP900 75 is only marginally lower than diesel,
192
followed by PP900 and PP700 75. The lowest BTE is shown for PP700, which aromatic bonds require more energy to break [34, 39] . affected by the equivalence ratio and temperature. CO emissions from diesel 229 engines are typically very low because of the adequate oxygen levels (low equiv-230 alence ratio -φ). The experimental results demonstrate that the CO emissions 231 of polypropylene blends are comparable with diesel operation, particularly at 232 full load. Moreover, PP900 75 presents lower CO levels than diesel, suggesting 233 that this polypropylene blend burns very clean. This could be attributable to 234 the combination of higher oxygen levels and lower viscosity, which enhance the 235 air-fuel mixing. The significantly higher CO emissions of PP700 may be due to 236 the longer ignition delay period (increased fuel spray impingement on cylinder 237 walls), which leaves insufficient time for carbon to fully oxidize and form CO 2 . 238
The variation of carbon dioxide (CO 2 ) emissions with load for diesel and 239 polypropylene blends is shown in Figure 10 . environmental perspective, as CO 2 is a primary greenhouse gas. The lower CO 2 245 emissions could be explained by the fact that the carbon balance (C:H ratios)
246
of the polypropylene blends are highly similar to diesel, but the UHC and CO
247
emissions are higher than diesel operation. 
Conclusions
An experimental investigation was conducted to analyse and understand the 250 combustion performance and emission characteristics of a diesel engine run-251 ning on oils derived from the pyrolysis of polypropylene plastic at two different 252 temperatures (700 o C and 900 o C). The tests were performed on a diesel engine 253 generator using oil-diesel blends of 75% and 100%. The PP900 oil exhibited bet-254
ter emission and performance characteristics compared to PP700. The following 255
conclusions can be drawn from the experimental results:
256
The engine was able to operate stably on polypropylene oils and blends 257 with diesel.
258
PP700 and PP900 have slightly longer ignition delay periods, lower cylin-259 der peak pressures, and longer combustion periods due to the lower cetane 260 number.
261
Engine brake thermal efficiency decreased by 1-2% when polypropylene 262 oils were used in comparison to diesel.
263
The polypropylene oils produced higher NO X , UHC, and CO emissions 264 than diesel, but lower CO 2 emissions.
265
The present results suggest that all polypropylene blends would be suitable 266
for long-term use in a diesel engine at elevated engine loads. However, the most 267 promising blend is considered to be the PP900 75.
268
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